Abstract Herbivorous insects can affect ecological processes in forested ecosystems such as nutrient and matter cycling especially during outbreak situations. However, the knowledge about their contribution to the quality and flows of energy and matter in forests is still imperfect. In this paper we report on the herbivoreaffected C to N ratios in different fractions of organic matter cascading from the canopy to the forest floor during a pine lappet (Dendrolimus pini L.) mass infestation. Throughout a four months period we monitored the C and N fluxes with throughfall, and the C/N ratios of insect excrements (faeces) and pine needles in an 80-year-old Scots pine forest. Compared to the control, herbivore defoliation significantly magnifies C and N input fluxes by two to three times amounting to 95 kg TOC and 5.9 kg TN ha −1 in addition. Concurrently NO 3 -N fluxes diminished and the C/N ratios in throughfall solutions increased during peaking frass activity. Compared to fresh needle biomass, the C/N ratios in insect faeces triple during peaking frass activity resulting in values between 70 and 100. This study demonstrates the importance of herbivorous insect's pests on element cycling as they act as a short-time phenomenon altering the nutrient quality and quantity reaching the forest floor and potentially affecting below-ground processes.
Introduction
Forested ecosystems are characterized by a high temporal and spatial variability in the vertical transfer of energy and matter from the canopy to the soil (McDowell and Likens 1988) . There is growing evidence that organic matter inputs from the canopy considerably influence organic matter and nutrient dynamics in the forest floor (Levia and Frost 2006) . By altering carbon mineralisation rates (Michalzik and Stadler 2000) or inducing priming effects (Fontaine et al. 2004) , those inputs might affect ecosystem processes and services such as nutrient availability and C sequestration (Cronan and Aiken 1985) .
Searching for the origin of seasonal fluctuations in throughfall composition and fluxes, in most cases leaf leaching has been considered as the principle source of organic substances. However, the role of herbivorous insects and the ecological processes they initiate especially during outbreak situations received less attention in past times.
In this context, ecologists now emphasize the need for connecting biological processes occurring in different ecosystem strata to explain rates of nutrient cycling and ecosystem functioning (Bardgett et al. 1998; Schowalter 2000; Wardle et al. 2000) . As recently pointed out by Stadler et al. (2006) , field studies directly tracking altered inputs of organic matter and changes in throughfall composition during insect defoliation are difficult to conduct and hence scarce.
In temperate forests, the principle flow path of organic matter and associated nutrients from the canopy to the ground is provided by litter-fall amounting to annual C fluxes between 900 and 2,600 kg C ha −1 a −1 and 20 to 55 kg ha −1 a −1 for nitrogen . Secondly, organic matter and nutrients are returned to the soil by throughfall deposition achieving annual fluxes between 40 and 160 kg DOC ha −1 a −1 and 1.2 to 11.5 kg DON ha −1 a −1 ).
Since element and nutrient fluxes are conventionally measured after standard filtration (0.45µm pore size), the exclusion of the particulate/unfiltered organic matter fraction (0.45µm < particulate organic matter (POM) < 500 µm) potentially results in misleading inferences and budgeting gaps when studying nutrient and energy fluxes in ecosystems (Michalzik and Stadler 2005) . In this context, annual input fluxes as particulate organic carbon (POC) can exhibit fluxes of up to 227 kg C ha −1 a −1 (Carlisle et al. 1966 ). The quality of leaf litter and organic material entering the soil is recognized as one of the most important factors in forest ecosystems for nutrient recycling and humus formation (Polyakova and Billor 2007; Kainulainen and Holopainen 2002) . The quality of leaf litter differs with tree species (Lorenz et al. 2004 ) and with age class (Gora 1995) . Litter biodegradation is determined by readily (soluble carbohydrates) and recalcitrant (alkyl C, cutin, waxes, lignin) organic compounds, as well as by secondary organic compounds (polyphenols, tannins) (Preston et al. 1997; Hättenschwiler and Vitousek 2000) .
The C/N ratio of leaf litter has become one of the widely accepted predictor for the estimation of decomposition rates (Pérez-Harguindeguy et al. 2000; Waksman 1924) . It is well documented that needle tissue from coniferous trees like pines usually has wider C/N ratios of 60-80 than leaf tissue of broadleaf trees like alder species for example showing values of 15 to 20 (Lorenz et al. 2004; Polyakova and Billor 2007) . It is suggested that wider C/N ratios of > 30 tend to decelerate decomposition rates (Pérez-Harguindeguy et al. 2000) . However, compared to fresh leaf biomass the effects of insect herbivory and associated frass activity on the quality and amount of digested and excreted leaf biomass (faeces) are rarely investigated in field experiments.
In this study we investigated the effects of a heavy pine lappet infestation on the amount and quality of C and N inputs from the canopy to the soil surface. By tracking the C and N fluxes with throughfall solution, and the C/N ratios of insect excrements and pine needles at the infested and uninfested control site of a pine forest stand, we aim to clarify the following questions. First, whether insect herbivory affect C and N dynamics uniformly and secondly, whether temporal patterns associated with the larvae's abundance and feeding activity are reflected in the amount of C and N throughfall fluxes and the quality of insect faeces.
Materials and methods

Site description
The study site is located in northern Germany in the "Wendland" area at an altitude between 60 and 100 m a.s.l. The climate is classified as sub-continental and has a mean annual precipitation of approximately 545 mm, and mean annual temperatures of approximately 8.6°C (German Federal Meteorological Service 1961 -1990 .
The forest site forms part of the "Prezeller Forst" and is planted with Scots pine (Pinus sylvestris L.) evenly aged and approximately 80 years old, growing at stocking densities between 1,039 and 1,045 stems per hectare. Understory vegetation includes patches of grass, moss and fern vegetation.
The soil type is classified as a Haplic Podzol (WRB 2006) derived from glacial and aeolian sand deposits, forming a sandy AE horizon 8 to10 cm thick, followed by a Bhs horizon gradually transitioning into the underlying parent material. The humus layer is classified as a mor humus type being 5 to 7 cm thick encompassing a thin (< 1 cm) litter layer (Oi), a fermentated (Oe) and a thick (3-5 cm) humic (Oa) layer. The C content of the forest floor (mixed sample) was 42% at the infested and 40% at the control site. Corresponding values for N are 1.3 and 1.2%, respectively, resulting in C/N ratios of 32.3 (infested site) and 33.3 (control site). The pH (H 2 O) of the forest floor at both sites is approximately 4.80, that measured in KCl 3.05.
Experimental set-up
The experimental monitoring covered a period of four months and started in early April and ended in midAugust 2005. It focused on the determination of C and N fluxes and forms in throughfall solution, fresh pine needles and insect faeces.
The two experimental sites covered similar areas of 1.65 and 1.96 ha and were both initially infested with comparable densities of the pine lappet moth (Dendrolimus pini L.). This pre-treatment phase in April lasted for approximately three weeks, until the control plot was cleared of moth larvae by helicopter spraying on April 30, 2005, when 75 g diflubenzuron (trade name Dimilin®, a caterpillar-targeting insecticide) per hectare were applied. The extent of the pine lappet mass outbreak on the infested site caused defoliation losses of up to 70%.
Throughfall was sampled by using open funnel samplers of 326 cm 2 sampling area, which were randomly established in 10 replicates each on the infestation and the control site covering an area of about 40 by 40 meters. Two throughfall samples were pooled to one sample, subsequently resulting in 5 throughfall samples per study plot and sampling date.
To collect insect frass deposits on the infestation plot three polyester nets with a mesh size of 300 by 300µm were installed. Each net was stretched around one pine tree and was individually adjusted to the canopy diameter resulting in differing net areas between 6.5 and 7.2 m 2 . Sampling was performed at 6 to 8 day intervals from April to early August covering the main infestation period. At the infested site, fresh pine needles from four trees were collected and pooled to one needle sample per sampling date.
Chemical analysis
Pine needles and insect faeces were dried at 45°C until weight constancy was reached, grinded and analysed for C and N contents by thermal oxidation (LECO, CHN−1,000).
One aliquot of the throughfall solutions was 0.45-µm membrane-filtered (Cellulose-acetate filters, Sartorius). The analysis included the determination of dissolved organic carbon (DOC) and dissolved nitrogen (DN) by thermal oxidation (Dimatoc 100, Dimatec, Essen, Germany), and NO 3 − by ion chromatography (761 Compact IC, Metrohm). In unfiltered aliquots, total organic carbon and total nitrogen (TOC and TN < 500µm) were also assessed by thermal oxidation (Dimatoc 100, Dimatec, Essen, Germany). The upper particle size limit of 500µm was determined operationally by the capillary diameter of the TOC/ TN-analyser. Throughfall fluxes of C and N fractions were calculated from solution concentrations and corresponding water volumes per sampling date. Since inorganic carbon (IC) was not detectable in throughfall solutions, DOC and TOC basically reflect total carbon in filtered and unfiltered solutions, respectively. In this context, the C/N ratios in solutions were derived from ratios between DOC (TOC) and DN (TN).
Differences between throughfall solutions and the C/N ratios between faeces and pine needles were tested with the Mann-Whitney U-Test, because of small sample sizes and partly non-normal distribution. All statistical analyses were performed by SPSS software version 12.0.
Results
Throughfall fluxes
Fluxes of DOC and TOC with throughfall at the infested site responded quickly to the presence of enhanced feeding and excreting activity of the pine lappet peaking between mid-June and early July (Fig. 1a) . In general, flux differences between the infested and control site were more pronounced for TOC (unfiltered throughfall solutions) than for DOC. During June, mean flux differences of DOC and TOC under infestation were up to 18.5 and 27.5 kg C ha −1 higher than those at the control site. Fluxes during larvae abundance from May to mid-July always significantly differed between control and infested trees for both DOC and TOC (Mann Whitney test: P< 0.01 and P<0.001, June 22nd). By the end of July differences in DOC and TOC fluxes diminished to < 4 kg C ha −1 with lessening feeding activity and beginning pupation. During the study period of four months, the input of DOC and TOC under insect herbivory amounted to 111 and 153 kg C ha −1 and to 45 and 58 kg C ha −1 at the control site.
Fluxes of TN, DN and NO 3 -N in throughfall exhibited a diverse response to the larvae development. Mean flux differences of NO 3 -N were negatively affected by the pine lappet infestation, as controls tended to have slightly higher fluxes, resulting in negative values, particularly during peaking excreting activity in June and early July (Fig. 1b) . Total nitrogen showed a stronger response towards the larvae feeding activity than dissolved nitrogen (DN), as reflected by the highly significant flux differences (Mann Whitney test: P<0.001) of up to 1.9 kg N ha −1 in June. By mid July, no significant flux differences of TN, DN and NO 3 Differences in organic C fluxes (kg ha C to N ratios in throughfall solution To analyse for potentially decoupled C and N response to insect herbivory compared to the unaffected control, we tracked the C/N ratios derived from organic carbon (here equalling total carbon) and total nitrogen concentrations in filtered and unfiltered throughfall solutions over the course of the study (Fig. 2) .
In April and early May, the C/N ratios in the two fractions (filtered/unfiltered solutions) of C and N at the infested and control site exhibited similar values between 5 and 7 (Fig. 2) . With intensified feeding activity starting in mid-May, the C/N ratios in filtered and unfiltered solutions at the infested site started to widen to values around 15 to 20, while those of the control just slightly increased to 10. During peaking excreting activity during June und early July, C/N ratios in filtered solutions under infestation significantly differ from unfiltered ones (Mann Whitney test: P=0.0029), revealing values around 25 compared to 15, respectively. Concurrently, the two fractions at the control site exhibited similar C/N ratios between 5 and 10, which were significantly lower compared to the infested site (Mann Whitney test: P<0.001). Maximum C/N ratios of about 40 were achieved in midJuly under herbivory with similar values for both, the filtered and unfiltered fraction. With decreasing frass activity by the end of July and in August the C/ N ratios of all fractions fell back to similar values between 10 to 17.
Pine needles and insect faeces composition
The C/N ratios of the pine needles were relatively constant throughout the course of the study, showing mean values between 34 and 40 (Fig. 3) . Whereas, insect faeces exhibited highly variable C/N ratios with values of approximately 60 in April and May, contrasting the low temporal C/N variability of the pine needles. Widest faeces C/N ratios occurred during peaking frass activity of the larvae in June to mid July with maximum C/N ratios of 80 to 90. Differences in the C/N ratios between faeces and pine needles were significant at a P-level = 0.002 (Mann Whitney test). In principle, the patterns of faeces C/N ratio were reflected by those of the dissolved and total throughfall fractions as well, nevertheless, here the solution C/N ratios never exceeded values of 40 (Fig. 3) . In August, differences between needle and faeces C/N ratios diminished to values of approximately 35, while those in throughfall solutions fell back to ratios of around 10.
Discussion
The knowledge about biological processes like herbivorous frass activity and their contribution to the quantity and quality of energy and matter is still imperfect. Only a few studies dealt with the role of herbivorous insects in the canopies of trees and their effects on the variability of concentrations and fluxes of organic carbon fractions and N composition in throughfall solution (Dighton 1978; Stadler et al. 1998 ). Fluxes of C and N with throughfall at the infested site clearly revealed patterns of associated herbivore excretion activity in the dissolved and especially in total C and N fraction, whereas the control ones generally exhibited lower matter fluxes, except for NO 3 -N. As a consequence, DOC and TOC fluxes accumulated over four months under infestation significantly surpassed those at the control site by two to three times, exhibiting values of 111 and 153 kg C ha , respectively. The observations corroborate with findings by Stadler et al. (2001) , who demonstrated that herbivore excretion alters throughfall solution by especially enhancing the organic C content and lowering inorganic N contents relative to uninfested trees. Stadler et al. (1998 Stadler et al. ( , 2001 hypothesized that changes in the quality of throughfall solution under canopy herbivory with regard to the N species composition supply evidence for the trophic interaction with phyllosphere micro-organisms immobilizing N in the canopy. In this case, the diminished fluxes of NO 3 -N during highest feeding activity relative to the control can probably be attributed to an enhanced biomass growth of epiphytic microorganisms (bacteria, yeasts, filamentous fungi) immobilizing inorganic N in the presence of easily available C compounds released from feeding-damaged needles as observed by Lovett et al. (2002) as well.
Sampling dates
The C/N ratios in filtered (dissolved) and to a lesser extend in unfiltered (total) throughfall solutions under infestation clearly indicates decoupled C and N dynamics particularly during peaking feeding activity. This is likely due to the inorganic N immobilization in the canopy area described above together with a magnified release of dissolved C compounds from feeding-damaged needles and insect faeces. Furthermore, this probably indicates a depletion of N in insect faeces caused by a pronounced assimilation of N by the moth larvae during needle biomass ingestion, thus enhancing the C/N ratios by means of a high N utilisation efficiency as observed by other authors for the gypsy moth and different food qualities (Lovett et al. 2002; Giertych et al. 2005) .
C/N ratios in pine needles and insect faeces
The results on C/N ratios of pine needles compared to insect faeces showed a distinct temporal pattern due to varying assimilatory requirements of the larvae towards C and N nutrition associated with the single larvae development stages (Lunderstädt 1997; Lindroth and Bloomer 1991) . Relative to C, pine needle tissue contains low N contents and therefore provides only small amounts of N for the larvae nourishment. Pine needle composition also depends on age classes and the conditions under which they grew up. In this context, Gora (1995) due to a disturbed tree physiology (Zwölfer 1963; Schwenke 1962 Schwenke , 1963 . In April the young and small-sized larvae started feeding on pine needles to cover the demand on required C (soluble carbohydrates) and N (proteins, amino acids) compounds for growth and metabolism processes (Lunderstädt 1997; Levinson 1976) . In June/July highest frass activity by the larger-grown larvae occurred before they started pupation and oogenesis in July/August (Telang et al. 2001; Schwertdfeger 1981) . At this time the widened C/N ratios of the insect faeces indicate a higher N over C demand, or a potential worsening of the C quality and a partitioning due to temporal changes of carbohydrates contents and forms in needles such as increasing indigestible starch contents resulting in a higher C accumulation in the excreta (Mandre et al. 2001; Waldmann 1999) . This is reflected by the significantly increased C/N ratios in insect faeces compared to needle biomass. After pupation from August onwards the C/N ratios of insect faeces narrowed exhibiting similar values to those of the needle biomass.
Altered C/N ratios in herbivore-processed organic matter and potential impact on litter decomposability Although the C/N ratio is an important indicator for assessing the decomposability of organic matter, it provides no information on the chemical quality of the organic material regarded. Organic matter revealing wide C/N ratios might contain high amounts of readily available carbon like soluble sugars associated with plant residues (Stevenson 1994) , which might promote degradation processes by functioning as co-substrate potentially inducing priming effects (Fontaine et al. 2004 ). However, our study neither considered this fact nor analysed for chemical properties of the faeces material.
Nevertheless, with regard of its physical appearance we observed a quite inhomogeneous and porous surface of the pine lappet faeces, where the accessibility for microbial-mediated chemical and physical degradation activity would probably be more efficient compared to the cutin and wax protected intact pine needle surface. Furthermore, a significant proportion of the faeces easily dissolved in water, thus enhancing the reactive surface area and substrate accessibility for microbial degradation and the subsequent water transport into deeper soil layers. Due to a reduced substrate accessibility of intact needles, it might occur that needle biomass decomposition requires a higher number of trophic interaction and degradation steps among functional decomposer groups than those of faeces decomposers.
Conclusions
The study demonstrated, that insect mass outbreaks are capable to remarkably affect throughfall composition and fluxes within forest ecosystems. Consequently, insect infestations partly account for seasonal fluctuations observed in throughfall chemistry. From both a quantitative and qualitative point of view, our data suggest that the insect-mediated production of particulate and dissolved organic C and N considerably contributes to the overall input of organic substances from the canopy to the ground. However, this origin and pathway of canopy-derived organic matter is rarely considered in ecosystem studies and element budgets.
